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I. INTRODUCTION
Plasmonics is touted as a milestone in optoelectronics 1 as this technology can form a bridge between electronics and photonics, enabling the integration of electronics and photonic circuits at the nanoscale. 2 The leading paper by Ebbesen et. al. in 1998 3 encouraged studies in this area and today applications of plasmonics span a wide range including sub-wavelength waveguiding, 4 imaging 5 and lithography; 6 optical interconnects 7 and photonic circuits; 8 chemical/biological sensors; 9, 10 improved photovoltaic devices 11, 12 such as perfect absorbers. 13, 14 Although noble metals such as gold and silver are widely used in plasmonic applications, there is a significant drawback associated with such metals: high optical loss. Recently, there is an increased effort in the search for alternative plasmonic materials including Si, Ge, III-Nitrides and transparent conductive oxides. [15] [16] [17] [18] [19] The main appeal of these materials, most of them semiconductors, is their lower optical losses, especially in the infrared (IR) regime, compared to noble metals owing to their lower number of free electrons. [15] [16] [17] [18] [19] Other advantages can be listed as low-cost and control on plasma frequency thanks to the tunable electron concentration i.e. effective doping level. 15 Several research groups demonstrated transparent conductive oxides such as Al:ZnO, Ga:ZnO and indium-tin-oxide (ITO) as potential plasmonic materials. [15] [16] [17] [18] [19] In this paper, we computationally demonstrate an ultra-wide-band (4-15 μm) infrared plasmonic absorber based on atomic layer deposition (ALD) grown ZnO. ALD grown ZnO is known to have crystal imperfections such as O vacancies that behave as n-type dopants. 20, 21 An advantange of ALD grown ZnO is the viability of tuning carrier concentration by the growth temperature. As the growth temperature increases, number of O vacancies increases which results in higher carrier concentration.
a Author to whom correspondence should be addressed: Electronic mail: yunus.kesim@bilkent.edu.tr A grating array is chosen as the proof-of-concept plasmonic scheme. With a careful design, more than 70% average absorption is achieved throughout the 4-15 μm wavelength regime, with a film thickness of less than 2.5 μm. Furthermore, ∼90% of incident light is absorbed in the allimportant 8-12 μm wavelength regime, referred to as the long-wave IR (LWIR) band for IR imaging applications.
II. MATERIALS CHARACTERIZATION
The high optical losses associated with metals in the IR regime is attributed to the Drude response of high number of free electrons which is given by
where ∞ is the background permittivity, ω p is the plasma frequency and γ is the damping factor. For low optical loss, imaginary part of the permittivity is required to be small. Therefore, plasma frequency, ω p , which is proportional to electron concentration, is the key factor that determines the loss. For noble metals, electron concentration is on the order of 10 22 per cubic centimeter. The advantage of using ZnO as a plasmonic material arises from the ability of modern growth technologies to tune carrier concentration.
ALD growth of ZnO is carried out using a Cambridge Savannah 100 Thermal ALD system using diethylzinc (DEZ) and milli-Q water (H 2 O) as precursors on n-type (100 Real part of dielectric permittivity of ZnO grown at 250 o C is equal to 0 at a wavelength of 4.08 μm. Corresponding plasma frequency is ω p = 4.62 × 10 14 rad/s. Plasma frequency can also be determined using the following expression:
where N is electron density, q is electronic charge, o is vacuum permittivity and m * is effective electron mass for ZnO. Substituting m * = 0.23m o where m o is the electron mass, 23 carrier density of the ZnO film can be found as N = 1.542 × 10 19 cm −3 . This carrier density is sufficiently close to the reported values in the literature. 24 The slight difference can be attributed to different growth conditions. Similarly, electron density of the ZnO film grown at 200 o C can be found as 4.056 × 10 18 cm −3 . We also investigate the propagation length (L P ) and confinement width (D W ) of surface plasmons propagating at the ZnO/air interface and compare with that at Au/air interface. 25 These quantities are a measure of performance for plasmonic waveguide applications and can be calculated using
where m is the permittivity of the plasmonic material;
are the penetration depths in air and plasmonic material, respectively. On Figure 2 , the propagation length and the confinement width for air/ZnO interface and air/Au interface are compared. In surface plasmon waveguides, there is a trade-off between the propagation length and the confinement width 25 and it is clearly seen in Figure 2 below. While Au enjoys a longer propagation length, ZnO films allow a better confinement of the field. Therefore, while choosing a material, one should balance this trade-off between propagation length and the confinement width. Since the optical parameters can be easily tuned by changing the growth temperature, ZnO gives a higher degree of freedom by offering control of the parameters that determine the figure of merit and allow their effective optimization.
III. INFRARED ABSORBER STRUCTURE
As proof of concept, a grating structure (Figure 3 ) is simulated using finite-difference timedomain method using FDTD Solutions of Lumerical Inc. For grating coupling, phase matching condition is fulfilled when
is satisfied where k sp and k 0 are wavevectors of plasmons and the incident light in free space, respectively; G is the reciprocal vector of the grating structure and m is an integer. For normal incident light, θ = 0 and for the first order resonance m = 1. Substituting the expression for plasmon wavevector and G in terms of wavelength and period of the grating, the resonant wavelength of the air/ZnO interface can be found as
where P is the center to center distance of the gratings, i.e. the period and ε is the dielectric constant of ZnO. For 1, λ ≈ P. A 2-D simulation setup is configured with the periodic boundary conditions on the x axis and perfectly matched layers on the y axis. The structure is illuminated with a plane wave source where the wavelength range of the light is 4-15 μm. Also, the plane wave is TM polarized, i.e. the electric field is along the x axis, which enables the generation of surface plasmons in the grating structure. The mesh grid around and inside ZnO region is set such that the mesh steps in x and y directions are 25 nm. Si is chosen as substrate since it is common and modelled with a constant refractive index n = 3.42 and extinction coefficient k = 0, within the wavelength range of interest. The ZnO film is modelled using the optical parameters of ZnO grown at 250 o C. For demonstration purpose, the period is chosen P = 5 μm, width of the grating is chosen as w = 4 μm and the grating height is h = 1.5 μm. The base thickness of ZnO is chosen as 1 μm, in order to de-couple the resonances in the gratings from the effects of the substrate, as we are aiming to generate plasmons at the air/ZnO interface. In order to investigate resonant conditions, absorption in the ZnO film is calculated using the difference of power transmission through two field monitors, one located on top of gratings (y = 2.5 μm) and one at the ZnO/Si interface (y = 0). The power transmission through the top monitor at y = 2.5 μm is P 1 = 1 -R, where 1 denotes the incident light and R is the reflection from the grating structure. The transmission through the monitor at y = 0 is P 2 = T where T is the power transmitted through the ZnO film. The absorbed power (A) can be calculated using A = 1 -R -T which equals A = P 1 -P 2 .
Also, for comparison, a reference simulation setup is formed where a slab of ZnO which does not utilize gratings is placed on Si substrate (Figures 3(c) and 3(d) ). The thickness of the ZnO slab is 2.5 μm and the absorption is calculated similar to the plasmonic structure.
The absorption spectra for both of the structures are given on Figure 4 (a). A resonance peak is observed at a wavelength that is very close to the grating periodicity of 5 μm. This resonace can be attributed to the excitation of surface plasmon polaritons as described by the equation given in (6) . 26 For 1, the equation reduces to λ ≈ P (for ZnO, ε = −0.797 + j4.162 at λ = 5 μm). In addition, a stronger broadband resonance is observed at 11.5 μm. Since the separation between the gratings are much lower than the grating width, the structure can be treated as a truncated MDM slot waveguide and supports a fundamental edge mode. 27, 28 In Figure 4 (b) (multimedia view), the intensity profile at λ = 11.5 μm is given and field intensity is maximum at the edges. This can be attributed to the singular behavior of electric field near sharp edges. That the field intensity is 0 in the base ZnO and the Si substrate shows that the incident light is not coupled into the substrate layer through the grating waveguide effect. 29, 30 Finally a parameter sweep is conducted in order to investigate the structural dependence of the absorption spectra ( Figure 5 ). When P = 5 μm, there is a resonance at 5 μm as expected and when P = 4.4 μm, the resonance shifts to 4.4 μm. Figure 5 shows that the wavelength of the broadband As other plasmonic devices demonstrated using conventional metals, 13 ZnO absorber allows the spectra to be tuned.
resonance is affected both by w and h. The grating width (w) determines the plasmon wavevector along the slot waveguide 31 and the height of the grating affects the supported mode. 28 Recently, our group demonstrated ZnO as a possible candidate for the absorber material in microbolometers that are used for infrared imaging. 32 In Figure 4 , the significant contribution of plasmons to the absorption spectra is clear. Also, Figure 5 shows that the resonances can be tuned. Therefore, the structure can be tailored to achieve maximum absorption in a desired spectral range. An optimum design is sought in order to maximize the average absorption in 4-15 μm band. The period of the structure is varied from 1 μm to 5 μm, and the height of the gratings are swept from 0.5 μm nm to 1.5 μm. For each of these two parameters, the width of the gratings is also varied where the minimum width is 100 nm and the maximum width is the 80% of the corresponding period. The base thickness of ZnO was kept constant, i.e. 1 μm. For each structure, reference structures are also created where a slab of flat ZnO that has the same thickness is placed on Si substrate. For both sets of structures absorption in the 4-15 μm band are calculated. When the grating has a height of 1.4 μm, a period of 1.8 μm and a width of 1.2 μm; the absorption is maximized. The absorption spectra of this structure is given on Figure 6 . For the entire spectrum, absorption is over 70% and the average absorption in this spectrum is ∼ 85%.
The design shown in Figure 6 also provides maximum absorption in the 8-12 μm range which is the popular long-wave infrared (LWIR) atmospheric transmission window that is used commonly for thermal imaging. Average absorption in this range is ∼ 93% and it is ∼ 2.34 folds higher than the absorption of the reference structure. Also, we conducted simulations where the angle of the incident light is changed from 0 • (normal incidence) to 90
• and calculated average absorption in the LWIR band. Up to 30
• , the structure still shows high absorption characteristics, then starts to drop and reaches near 0 absorption at around 50
• (Figure 6(b) , inset).
IV. CONCLUSION
In conclusion, we have introduced ALD grown ZnO as an alternative plasmonic material in the infrared. The dielectric permittivity values of ZnO grown at different temperatures are extracted and we have shown that the plasma frequency of ALD grown ZnO depends on growth temperature. The ability to tune the optical properties enables effective optimization of propagation loss and mode confinement width of plasmonic devices. Furthermore, we simulated a plasmonic grating coupler and demonstrated plasmonic resonances at the ZnO/air interface. The absorption spectrum of the simulated device show exceptional performance enhancement over reference device in the 4-15 μm wavelength band. We also demonstrated that, with an optimization of structural parameters, such an absorber can be used in microbolometers for infrared imaging in the 8-12 μm band.
